Summary. Although glucocorticoidhas been considered to cause thymocyte apoptosis in vitro, few studies have presented its in vivo effect. We reporthere on kinetics of glucocorticoid-induced murine thymocyte death in vivo by the TUNEL method.
TUNEL-positive cells were observed as early as at 2h after intraperitoneal injection of glucocorticoid. Most TUNEL-positive thymocytes were phagocytosed by acid phosphatase positive macrophages. "Free" (not phagocytosed) TUNEL-positive cells were not detected at early stages (by 4h). At 6 to 8h after the injection, the number of phagocytosed thymocytes per individual macrophagehad reached its maximum, and at 8 to 12h many ruptured macrophages ingesting too many dying thymocytes became noticeable. During the process, no additional macrophages appeared to be mobilized to the thymus. At 6 to 8h after the injection,however, coincidentally with the fact that macrophageshad become unable to further ingest dying lymphocytes, dead cells were left unphagocytosed, and ultimately became "free" positive cells, probably due to some proteolytic process ongoing within the thymus.
As late as at 12h, morphological examination revealed that epithelial cells seemed to begin engulfing thymocytes, almost simultaneously with the start of rupture of the macrophages due to the ingestion of too many thymocytes. Epithelial cells were readily identified by desmosomes and tonofilaments, in addition to euchromatic nuclei. Altogether, these results suggest that: 1) even though thymocytes were exposed to glucocorticoid in vivo, most of them were not TUNELpositive unless they were phagocytosed; 2) even after most macrophageshad ingested too many cells at later stages, macrophages in other locations did not migrate to the thymus; and finally, 3) deletion of damaged thymocytes was also carried out by thymic epithelial cells, though not frequently, at around 12h and later.
T cell development is considered to be controlled by the T cell receptor (TCR)-peptide-majorhistocompatibility (MHC) interaction.
Thymocytes thathave successfully rearranged their a and R TCR genes express a/3 TCR as well ashigh levels of co-receptors CD4 and CD8 (double positive) on their cell surfaces (DAVIS and BJORKMAN, 1988; VON BOEHMER, 1992) . When thymocytes' TCR can not recognize MHC ligands, i.e., they are "neglected", they may die without receiving positive or negative signals, even without leaving the thymus (SURH and SPRENT, 1994; KERSH and HEDRICK, 1995; LUCAS et al., 1995; NAKAMURA et al., 1995) . Thymocyte cell deathhas been ascribed to apoptosis (COHEN, 1991; WILLIAMS, 1994) . This apoptosishas been suggested to be involved in Ca/Mgt dependent endonuclease activation and subsequent DNA fragmentation (NAKAYAMA et al., 1992) , as detected by ladder formation in agarose gel electrophoresis or terminal deoxynucleotidyl transferasemediated dUTP-biotin nick end labeling (TUNEL) method (SAMBROOK et al., 1989; GAVRIELI et al., 1992) . If the nucleus is shrunken and shows uniformly condensed chromatin, it is said to be pyknotic (AREY, 1974) . In the thymus, pyknotic cells also show a reduction of the cytoplasm (NAKAMURA et al., 1995) . However, wehave previously shown that in the normal thymus, only a few thymocytes are TUNELpositive, that most of them are phagocytosed by macrophages, and that there are few unphagocytosed "free" TUNEL -positive cells, though a large number of unphagocytosed pyknotic (dying) cells are present throughout the cortex (NAKAMURA et al., 1995 TUNEL-positive only after being phagocytosed by macrophages.
Thymocyte cell death is enhanced by glucocorticoid treatment both in vivo and in vitro, and this type of death is also considered as apoptosis (WYLLIE, 1980; WYLLIE and MORRIS, 1982; COHEN and DUKE, 1984) . Nearly all studies on this issue, morphological and biochemical,have been performed in in vitro cell culture systems, not in vivo, showing that considerable fragmentation of DNA takes place in the in vitro system.
We previously showed that DNA fragmentation was not the primary event in glucocorticoid-induced thymocyte death in vivo within 4h after glucocorticoid treatment (NAKAMURA et al., 1996) . In the present paper, we performed a kinetic study to investigate the late effect of glucocorticoid on thymocyte death in vivo. First, we found that, when glucocorticoid was administered intraperitoneally, most dying thymocytes were not TUNEL-positive unless they were phagocytosed, as previously described. Secondly, even after most macrophageshad ingested too many cells at later stages, macrophages at other anatomical sites were not mobilized to migrate to the thymus. Third, although a few "free" TUNEL-positive thymocytes were detected at later stages, especially at 6 to 8h after the injection of glucocorticoid, the kinetics coincided well with the macrophage activity, specifically, at around the time that macrophages became filled with so many dying thymocytes. Finally, deletion of damaged thymocytes was also carried out by thymic epithelial cells, though not frequently, at around 12h and later.
MATERIALS AND METHODS

Animals and reagents
Six-week-old female BALB/c mice were obtained from the Institute for Experimental Animals of the Tohoku University School of Medicine.hydrocortisone sodium phosphate was purchased from Banyu, Tokyo, Japan. Mice received intraperitoneal injections of 250mg/kg ofhydrocortisone sodium phosphate. At several time intervals after the injection, the thymus was dissected.
Tissue preparation
For immunohistochemistry and the detection of DNA double strand breaks, the thymus was cut into small pieces with razor blades, and subjected to the following tissue preparation procedures: Pieces of the thymus were fixed with 4% paraformaldehyde for 6h at 4C, immersed overnight with 30% sucrose-phosphate buffered saline (PBS) at 4C, and then quickfrozen in a mixture of acetone and dry ice. For transmission electron microscopy, the specimens were fixed with a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1M sodium cacodylate buffer, post-fixed with 2% osmium tetroxide, dehydrated in a graded series of ethanol, passed through propylene oxide, and then embedded in Epon 812. Ultra-thin sections were stained with uranyl acetate and lead citrate.
Detection of DNA fragmentation in situ by TUNEL method Detection of cell death by the TUNEL method was performed as described previously (NAKAMURA et al., 1995) . Briefly, frozen sections were placed on poly-Llysine coated glass slides and air dried. After incubation in 0.3% H2O2-methanol for 30min, the sections were incubated for 60min at 3TC with the reaction medium containing 10nM/ml biotin-16-dUTP (Boehringer Mannheim Biochemicals, Mannheim, Germany) and 100U/ml terminal deoxynucleotidyl transferase (TdT; Takara Co., Osaka, Japan). After washing, the sections were incubated with an avidine-biotin-peroxidase complex using the Vectastain-ABC kit, PK-6200 (Vector, Burlingame, CA) for 30min. Sections were washed and then incubated with a mixture of 0.06% 3,3'diamino-benzidine tetrahydrochloride (DAB) (Wako, Osaka, Japan) and 0.03%h2O2 in 0.1M TrisHCl buffer at pH 7.6. Counterstaining was produced with methylgreen.
Histochemistry with acid phosphatase Some sections were processed for the detection of acid phosphatase after the TUNEL method, using naphtol AS-BI phosphate as the substrate and pararosaniline as the coupler (BARKA and ANDERSON, 1962) .
Counting the number of macrophages on tissue sections
Sections processed for acid phosphatase activities were photographed with a microscope (AX-80, Olympus, Tokyo), and developed with positive films. Images were digitized with an LS-1000 film scanner (Nikon, Tokyo, Japan) on a Power Macintosh 8500 personal computer (Apple Computer, Inc., Cupertino, CA). Acid phosphatase positive cells in the cortex were counted in randomly selected areas, and the mean count per mm2 was calculated. The data were presented as the percent of the control. Triplicate counts were made for each time point presented in Figure 6 . Flow cytometric analysis of in situ TUNEL positive thymocytes
Thymocytes were immediately suspended in Hanks' balaced salt solution (HBSS) and the cell suspension was spun down once. Cells (5 x 106) were first incubated with optimal concentrations of FITC-conjugated anti-CD4 and Cy-Chrome-conjugated anti-CD8 monoclonal antibodies (PharMingen, San Diego, CA) for 45 min on ice. After washing three times in PBS, 2% FCS, and 0.02% NaN3, DNA breaks were detected by a modification of the end-labeling method (KISHIMOTO et al., 1995) . Briefly, cells were fixed with 1% paraformaldehyde in PBS for 15min., and refixed with 60% methanol for 15min on ice. The cells were then washed three times in PBS, and incubated in a reaction buffer (100mM sodium cacodylate, pH 7.0, 1mM CoClz, 0.1mM dithiothreitol and 0.05mg/ml BSA) supplemented with 0.2U/pl
TdT and 20pM biotin-16-dUTP at 3TC for 30min. The cells were washed and incubated in a staining buffer-saline-sodium citrate buffer (0.6M NaCI, 0.06M sodium citrate, pH 7.0), 0.1% Triton X-100 and 2% FCS-supplemented with PE-conjugated streptavidin for 30min. Labeled cells were analyzed by FACSCalibur with a CELLQuest software (Becton Dickinson, San Jose, CA). At least 10,000 cells were acquired for the analysis. Debris and aggregates were eliminated on the basis of forward and side scatter (FSC and SSC, respectively). As a positive control for the TUNEL method, cultured thymocytes (1 x 107 cells/2ml of RPMI medium with 1 x 10-5M hydrocortisone sodium phosphate for 4h) were used.
Ultrastructural detection of cell death by TUNEL method
Frozen sections, obtained after incubation with the medium for the TUNEL method described above, were fixed with 2.5% glutaraldehyde in a 0.1M sodium cacodylate buffer for 15min. The sections were next incubated with DAB solution containing 0.03% H2O2, post-fixed with 2% osmium tetroxide, dehydrated by a graded series of ethanol, and finally flat-embedded in Epon 812. Ultrathin sections were stained with or without uranyl acetate and lead citrate (NAKAMURA et al., 1995) .
RESULTS
The kinetic study of light microscopic in situ detection of TUNEL-positive thymocytes after glucocorticoid treatment
In the untreated control thymus, only a small number of thymocytes were TUNEL-positive; they were diffusely distributed throughout the cortex, forming small clusters (Fig. 1a) . The number of TUNEL-positive thymocytes significantly increased mainly in the cortex from as early as 2h after the glucocorticoid injection (Fig. 1b, c) . These TUNEL-positive thymocytes also formed clusters and became more predominant with time. At 6h, however, while TUNEL-positive cells continued to increase, the positive-staining of clustered cells became somewhat faint, with clusters apparently collapsing and fading (Fig. id) . This obscuring process of the stainability continued on thereafter, so that the subcapsular zone filled with small TUNEL-positive nuclei became prominent with a clearly atrophied cortex scattered with faintly stained clusters 12h later (Fig. 2a, b) . At 18h, the cortex was squashed, and small TUNEL-positive nuclei were concentrated more heavily at the subcapsular zone (Fig. 2c) . Though the mechanism is yet unknown, dead thymocytes (TUNEL-positive nuclei) were nearly completely deleted by 24h after the injection, and the cortex was remarkably atrophied (Fig. 2d) ; at 24h, even small viable cells were detected in the cortical region, as if they had already begun to accumulate in this region to reconstitute the severely atrophied thymus. Double staining to detect DNA fragmentation and acid phosphatase activities showed that the TUNEL-positive cells forming clusters were well colocalized with acid phosphatasepositive cells at 2 and 4h after the injection (Fig. 3a) , demonstrating that almost all the TUNEL-positive thymocytes that formed clusters within the cortex had been phagocytosed by macrophages during these relatively early periods (NAKAMURA et al., 1995) . At 8 h later, in parallel with the obscuring process stated above, only weak acid phosphatase activities were detectable in macrophages, and the TUNEL-positive cells were not well colocalized with but located near the acid phosphatase-positive macrophages (Fig. 3b) . The results suggest that the heterophagocytotic and degrading activities of macrophages may be lowered, since a relatively large number of macrophages undergoing the degradation process due to having ingested numerous dead thymocytes showed weak activities of acid phosphatase.
Kinetics by flow cytometry of TUNEL-positive thymocytes induced by glucocorticoid in vivo
To investigate late stage effects of glucocorticoid on thymocytes in vivo, thymocytes harvested from mice at different times after glucocorticoid injection were analyzed for DNA fragmentation by the TUNEL method in flow cytometry. The absolute number of thymocytes harvested from the treated thymuses greatly decreased by 8h after the injection (Fig. 4) . Flow cytometric analysis that revealed virtually no TUNEL-positive cells in the glucocorticoid-treated thymus even 4h after the injection was consistent with findings on the early stage effects of glucocorticoid on murine thymocyte viability as described elsewhere (NAKAMURA et al., 1997) , as well as in the normal untreated thymus (Fig. 5a, b) (NAKAMURA et al., 1995) . The flow cytometric TUNEL method, however, detected at 6h a small number of positive cells ("free" TUNEL-positive cells), which increased in number to reach a maximum at 8h, and then decreased and completely disappeared by 18h (Fig. 5a, b) . Figure 6 , the mean number of acid phosphatase-positive macrophages per mm2 cortex (644+88 macrophages per mm2 in the control thymus) remained unchanged till 12 h after the glucocorticoid injection. The mean number of macrophages, however, slightly increased thereafter. Reasons for this increase are: 1) glucocorticoid treatment resulted in the destruction of the cortex due to the drastic reduction of thymocytes by phagocytosis by macrophages; 2) on the contrary, macrophages persisted; 3) the macrophage density thus became relatively higher. These data suggest that migration of macrophages was not caused even under these situations. Kinetics of the ultrastructure of the thymus exposed to glucocorticoid in vivo A large number of cortical thymocytes underwent pyknosis until 4h (Fig. 7a, B) , and the number of pyknotic thymocytes increased until 12h after the injection (Fig. 7a-e) . These pyknotic cells were also detected in the normal thymus, as described previously (NAKAMURA et al., 1995) . They were characterized by a heavy chromatin condensation and smaller size than red blood cells due to the decrease of the total cell volume as well as of the nucleus. Based on their morphological features, they were dead cells. It was also ultrastructurally confirmed that cells responsible for sweeping out these pyknotic thymocytes were macrophages. At 6h after the glucocorticoid injection, although severely damaged by steroid treatment, those injured thymocytes were left unphagocytosed despite the fact that they were nearest the macrophages (Figs. 7c, 8a) . At 8h later, extremely pyknotic and obviously degraded unphagocytosed thymocytes were readily detected throughout the collapsing cortex (Fig. 7d-f) . The number of thymocytes ingested by individual macrophages seemed to reach a maximum around this period. Ultimately at 12h, the macrophages ruptured, probably due to having ingested too many debris (Figs. 7e, 8b) . Surprisingly, we frequently found that pyknotic thymocytes were phagocytosed by cells distinct from the macrophages at a much later stage (18h after glucocorticoid treatment) (Fig. 9) . Since the cytoplasms of these "phagocytes" were rather narrow, the number of thymocytes engulfed by these cells was not as large as that by typical macrophages. These distinct "phagocytes", characterized by their euchromatic nuclei, seemed to form a fine meshwork Note that the macrophage still keeps its nuclear structure and membrane integrity. b. At 12h. A macrophage can be observed at the center which demonstrates that the nucleus has degenerated, that the cell border is discontinuous and thus hard to follow, and that the cytoplasm is extensively vacuolated, altogether indicating that this macrophage has already ruptured. with their long slender processes, and were finally identified as thymic epithelial cells by the presence of their characteristic desmosomes and tonofilaments (Fig. 9b) . The engulfment of the damaged cells by these thymic epithelial cells had not been discerned during the earlier period of glucocorticoid treatment.
Ultrastructural detection of the TUNEL-positive thymocytes in vivo
The TUNEL method in electron microscopy revealed that, at least by 4h after the glucocorticoid injection, almost all the TUNEL-positive cells had been ingested by macrophages as previously reported (Fig. 10a ) (NAKAMURA et al., 1996) . By this point, small pyknotic thymocytes probably induced by glucocorticoid treatment were also observed predominantly in the cortex.
At around 6h and later, not only positive thymocytes which had been phagocytosed by macrophages were detected, but also those not phagocytosed by macrophages, solitarily scattered around phagocytes (Fig. 10b) . Another noteworthy point is the structure of macrophages; most of them were also in the self-destruction process. The cytoplasm as well as the nucleus was ruined to a greater extent, so that it seemed nearly impossible to define the cell boundary of the macrophages.
A large number of TUNEL-positive thymocytes, which had fallen into lytic process were observed in the cortex at 18h (Fig. 10c) .
DISCUSSION
Although thymocyte death during T cell development has long been regarded as appoptosis, we recently demonstrated histologically that most thymocytes in the normal thymus die in the absence of DNA fragmentation, which has been considered a hallmark of apoptosis (NAKAMURA et al., 1995) . Thymocytes die of neglect by pyknosis. We also demonstrated by the TUNEL method that B lymphocytes in the germinal center die without DNA fragmentation, during the affinity maturation (NAKAMURA et al., 1996) . Here we reported that, even in the glucocorticoid treated thymus, most thymocytes die by pyknosis without showing DNA fragmentation, contrary to what has been postulated about the glucocorticoid-induced thymocyte death (WYLLIE, 1980; COHEN and DUKE, 1984; TANUMA and SHIOKAWA, 1994) . First, we demonstrated in light microscopy that, during the early period after glucocorticoid administration, TUNEL-positive thymocytes formed clusters and that TUNEL-positive thymocytes were all phagocytosed by macrophages. In flow cytometric TUNEL assay, until 4h after the injection, apparent "apoptotic" thymocytes were not detected in the steroid-treated thymus. On the other hand, pyknotic thymocytes were found to accumulate predominantly in the cortex by the steroid treatment. These results, consistent with our previous findings, indicate that pyknosis without showing positive staining of TUNEL was induced in thymocytes by glucocorticoid treatment.
By definition, apoptosis should be recognized as dead cells with DNA fragmentation prior to being phagocytosed by phagocytes (or macrophages). We could not detect unphagocytosed dead thymocytes with DNA fragmentation, at least during the earlier period of glucocorticoid treatment.
Macrophages, though ingesting damaged and pyknotic thymocytes, became filled with numerous dead thymocytes rather rapidly (at around 6h and later), then seemed to cease phagocytosing and soon begin self-destruction.
Phagocytosis of pyknotic, damaged thymocytes by macrophages was evident as early as 2h after the injection. In light microscopy, these phagocytosed, and thus in situ TUNEL-positive clustered dead thymocytes were clearly visible until 4h after the treatment; at 6h later, those aggregated TUNEL-positive thymocytes had already become somewhat obscure due to faintly stained and disintegrating thymocytes in the phagocytes. These morphological findings remained unchanged from 6h to 8 h after the injection. In addition, at around 6h and later, some destroyed macrophages were recognized in electron microscopy, suggesting that most macrophages became full of numerous, already engulfed thymocytes, and ceased ingesting thymocytes, thus indicating that most macrophages became incapable of further phagocytosing thymocytes; finally, some of them were destined to collapse functionally and morphologically. Another important point is that no additional professional phagocytes immigrated to the thymus, even though the thymus itself required cells responsible for the clearance of dead thymocytes.
Coincidental with the fact that some of the macrophages had begun collapsing, both the flow cytometric and the in situ TUNEL methods detected "free" TUNEL-positive thymocytes. These "free" positive thymocytes were never detected during the early period of steroid treatment, and only observable after a substantial number of pyknotic thymocytes were left unphagocytosed, probably due to the functional loss of the professional phagocytes. As described above, the essential effect of glucocorticoid on thymocyte death was considered the induction of pyknosis without DNA-fragmentation.
"Free" TUNEL-positive thymocytes only detected at later stages are thus considered not to be caused by the primary effect of steroid on thymocytes but by the secondary effect, probably through the destruction process of glucocorticoid-treated thymus. At much later stages, thymic epithelial cells started unexpectedly incorporating heavily damaged, dying or dead thymocytes which had never been observed in the steroid-treated thymus at earlier stages as well as in the normal untreated thymus. Unusual phagocytosis occurred because too many thymocytes were dying by rapid pyknosis for the professional phagocytes to ingest further, and because virtually no macrophages were mobilized to the thymus from other sites such as the bone marrow throughout the entire experimental period, even though many more phagocytes were still necessary to clear off dying or dead cells. Phagocytosis by nonprofessional phagocytes like the epithelial cells, as described in this study, has been reported in relation with developing tooth germs, in which cells of immediate ectodermal epithelial cell origin continue to phagocytose degenerating cells in the closed environment of the enamel pulp (KINDAICHI, 1980) . Although not observable in the normal thymus, thymic epithelial cells could thus be considered to have the potential to phagocytose pyknotic thymocytes in special emergent situations.
In conclusion, we examined in this study the late stage effect of glucocorticoid treatment on thymocyte death by the in situ and the flow cytometric TUNEL methods combined with the ultrastructural examination, and found that: 1) the primary effect of 2) no additional macrophages were mobilized to immigrate to the thymus no matter how much the organ required the professional phagocytes to clear off dying or dead thymocytes; 3) macrophages, after they phagocytosed too many thymocytes, began to collapse by themselves; and finally, 4) thymic epithelial cells exerted phagocytec acitivity only after the macrophages degenerated and were functionally lost from the thymus. Pyknosis could be more prominent than formerly considered in lymphoid tissues.
